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Hyperbranched poly(ethylenimine-co-oxazoline) by thiol-yne 
chemistry for non-viral gene delivery: investigating the role of 
polymer architecture  
Alexander B. Cook,1 Raoul Peltier,1 Junliang Zhang,1 Pratik Gurnani,1 Joji Tanaka,1 James A. Burns,2 
Robert Dallmann,3 Matthias Hartlieb,1±* and Sébastien Perrier1,3,4* 
Cationic polymers have been widely employed as gene delivery vectors to help circumvent extracellular and intracellular 
delivery barriers. Among them, polyethylenimine (PEI) is the most commonly used despite its associated high cytotoxicity. 
PEI is typically obtained by uncontrolled ring opening polymerisation of aziridine, leading to either linear polymer 
architectures with only secondary amines, or branched architectures containing primary, secondary, and tertiary amines. In 
contrast, we describe the preparation of hyperbranched poly(ethylenimine-co-oxazoline) that contains only secondary 
amines, via a fast thiol-yne based one pot reaction. A small library of these compounds with varying PEI contents was then 
used to study the effect of polymer architecture on pDNA polyplex formation, cytotoxicity, and in vitro transfection studies 
with plasmid DNA. Hyperbranched poly(ethylenimine-co-oxazoline) was found to have reduced toxicity compared to the 
commercial standard 25K branched PEI (bPEI), with transfection efficiencies only slightly lower than its bPEI counterpart. 
Obtained results highlight the importance of the polymer architecture on the transfection efficiency of a gene delivery 
system, which was demonstrated by excluding other parameters such as molecular weight and charge density. 
Introduction 
Gene therapy is an important and hugely promising 
pharmaceutical development that aims to treat diseases by 
delivering genetic material or recombinant DNA to target 
cells.1,2 In the clinic, this can take the form of replacing, adding, 
or editing a gene that is absent or abnormal and which is 
responsible for a disease. This technique opens the door for 
treatment of a number of previously undruggable targets. The 
versatility of gene therapy makes it relevant for a wide variety 
of diseases, including different type of cancers, Parkinson’s 
disease, cystic fibrosis, macular degeneration, and muscular 
dystrophy among others.3-7 In recent years, the potential impact 
of gene therapy has been expanded even further by the 
development of CRISPR/Cas9 gene editing technology.8,9 
 
Since the early genetic engineering studies in the 1970s, the 
major hurdle associated with gene delivery lies in effectively 
delivering the genetic material inside target cells.2 This is 
typically achieved using either viral vectors or synthetic non-
viral vectors. Viral vectors, such as retroviruses, adenoviruses, 
or adeno-associated viruses (AAVs) have the advantage of 
providing higher transgene expression but are typically limited 
by immunogenicity and safety-related issues, packaging 
constraints, as well as the requirement of cell mitosis.10 
Comparatively, non-viral gene delivery vectors offer access to 
large scale production, low host immunogenicity, easily 
tuneable architecture/functionality, long term storage stability, 
and batch to batch reproducibility of materials. Commonly used 
synthetic vectors include cationic polymers, liposomes, and 
covalent polymer conjugates.10-12 Cationic polymers such as 
poly-L-lysine (PLL), polyethylenimine (PEI), poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA), and 
polyamidoamine dendrimers (PAMAM) are promising systems 
for the non-viral trafficking of genetic material. Despite their 
popularity, high cytotoxicity associated with their polycationic 
nature, which tends to cause disruption of cellular membranes, 
remains a major limitation.10 
 
The current gold-standard when referring to polymeric non-
viral gene delivery systems is bPEI. Reports indicate that 
polymer molecular weight plays an important role in achieving 
optimal gene transfection.13 However, these systems are 
notoriously difficult to characterise and there is still much 
debate about the individual influence of polymer molecular 
weight and architecture on the transfection efficiency and 
toxicity of the resulting polyplexes.14-17 Problems arise from 
difficulties in synthesising comparable polymer systems with 
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differing architectures, without affecting several properties of 
the polymers at once. The importance of controlling branching 
in polyplex formation was demonstrated by Tang et al., who 
showed that semi-degraded PAMAM dendrimers provide 
better transfection efficiency in comparison with whole 
PAMAM dendrimers.18 In the case of bPEI, which is commonly 
prepared via uncontrolled ring-opening polymerisation of 
aziridine, the nature and frequency of the branching points are 
uncontrolled and highly dependent on the reaction conditions. 
In addition, the resulting polymer consists of a mixture of 
primary, secondary, and tertiary amines, whose pKa values, and 
hence ability to interact with genetic material or membranes 
differ significantly.19 
 
An alternative route to preparing PEI uses cationic ring-opening-
polymerisation of 2-oxazolines, followed by a hydrolysis step. 
The method allows preparation of polymers containing only 
secondary amines, with a defined molecular weight and well-
controlled molecular weight distribution. This approach was 
used by Wightman et al. to demonstrate that branched and 
linear PEI differed in their ability to transfect cells, both in vitro 
and in vivo.17 In 2015, the Grayson group prepared cyclic PEI and 
the exact linear equivalent and studied the effect of cyclic 
architecture on transfection efficiency and cytotoxicity.20 
 
Over the past few years, our group has developed thiol-yne 
chemistry as a strategy to synthesise hyperbranched polymers 
with remarkably high degrees of branching and tuneable 
functionality.21-24 Hyperbranched polymers from AB2 
monomers have received increasing interest due to a number 
of unique features including globular three dimensional 
conformations and high number of surface functionalities. The 
thiol-yne chemistry allows fast one pot synthesis of 
hyperbranched polymers with degrees of branching similar to 
that of perfectly branched dendrimers. Such control over the 
branching process is attributed to the reactive nature of pi 
bonds to thiyl radical additions. Recently, the Schubert group 
has reported the synthesis of poly(ethylenimine-co-oxazoline) 
copolymers and their application as gene delivery vectors.25,26 
The copolymers show reduced toxicity as compared to linear PEI 
homopolymers and incorporation of ‘stealth’ properties 
including reduced non-specific interactions with serum and 
other biological compounds.27 However, the lack of access to 
more complex architectures, such as branched structures, has 
so far limited the potential application of these copolymers. 
 
The aim of this study is to investigate the influence of polymer 
architecture on the transfection ability of the macromolecules. 
Consequently, we seek to isolate the impact of polymer 
structure (hyperbranched vs. linear) while maintaining other 
key elements such as molecular weight, charge density or 
nature of the repeating unit.  This contribution describes the 
combination of thiol-yne chemistry with well-defined 
poly(ethylenimine-co-oxazoline) copolymers, which allows 
synthesis of hyperbranched PEI containing only secondary 
amines for the first time. The article then moves onto a 
systematic study of this novel polymer architecture, including 
comparison with a precise linear equivalent, as well as 
comparison with commercially available bPEI. The polymers 
were then evaluated for their performance as non-viral gene 
delivery vectors. Results include plasmid DNA complexation 
ability, polyplex morphology, buffering capacity, polymer 
cytotoxicity, and gene transfection efficiency in vitro using a 
green fluorescent protein (GFP) encoding reporter plasmid. 
Experimental  
Materials 
Propargyl tosylate, methyl tosylate (MeTos), potassium ethyl 
xanthogenate, 2-ethyl-2-oxazoline (EtOx), dimethylamine (33% 
in ethanol), 2,2-dimethoxy-2-phenylacetophenone (DMPA), 
ethidium bromide (EtBr), polyethylenimine branched (bPEI, Mw 
~25,000 by LS, Mn ~10,000 by SEC) were obtained from Sigma-
Aldrich. All other materials were purchased from Fisher 
Scientific, or Sigma-Aldrich. Green fluorescent protein (GFP) 
expressing plasmid DNA (pWPI) was a gift from Didier Trono 
(Addgene plasmid # 12254). 2-Ethyl-2-oxazoline (EtOx) and 
methyl tosylate (MeTos) were distilled to dryness prior to use. 
EtOx was dried using CaH2 before distillation. 50X Tris-Acetate-
EDTA (TAE) buffer for gel electrophoresis was made up at 
concentration of 2.0M Tris acetate (Sigma Aldrich) and 0.05M 
EDTA (Sigma Aldrich) in deionised water, pH 8.2 - 8.4 and stored 
at room temperature. Agarose loading buffer for samples 
(colourless) were made up at 30% (vol/vol) glycerol (Sigma 
Aldrich) in deionised water and stored at room temperature.  
Characterisation 
Size Exclusion Chromatography (SEC) was performed in DMF, 
using an Agilent 390-LC MDS instrument equipped with 
differential refractive index (DRI), viscometry, dual angle light 
scattering, and dual wavelength UV detectors. The system was 
equipped with 2 x PLgel Mixed D columns (300 x 7.5 mm) and a 
PLgel 5 µm guard column. The eluent was DMF with 5 mmol 
NH4BF4 additive, and samples were run at 1 mL/min at 50 °C. 
Analyte samples were filtered through a nylon membrane with 
0.22 μm pore size before injection. Apparent molar mass values 
(Mn,SEC and Mw,SEC) and dispersity (Đ) of synthesized polymers 
were determined by DRI detector and conventional calibration 
using Agilent SEC software. Poly(methyl methacrylate) (PMMA) 
standards (Agilent EasyVials) were used for calibration. The 
Kuhn-Mark-Houwink-Sakurada parameter , relating to 
polymer conformation in solution was determined from the 
gradient of the double logarithmic plot of intrinsic viscosity as a 
function of molecular weight, using the SEC viscometry detector 
and Agilent SEC software. Proton nuclear magnetic resonance 
spectra (1H NMR) were recorded on a Bruker Advance 400 
spectrometer (400 MHz) at 27 °C, with chemical shift values (δ) 
reported in ppm, and the residual proton signal of the solvent 
used as internal standard. Proton-decoupled carbon nuclear 
magnetic resonance spectra (13C NMR) were recorded on a 
Bruker Advance 400 spectrometer (100 MHz) at 27 °C, with 
chemical shift values (δ) reported in ppm, and the residual 
proton signal of the solvent used as internal standard. Fourier 
transform infrared spectra (FTIR) were recorded on a Bruker 
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Alpha FTIR ATR. Electrospray ionisation time-of-flight mass 
spectra (ESI-MS) were recorded using a Bruker MicroToF. 
Oxazoline polymerisation 
For a typical polymerisation, dry 2-ethyl-2-oxazoline (7.93 g, 80 
mmol), propargyl tosylate (1.68 g, 8 mmol), and acetonitrile 
(10.54 mL) were added to a Schlenk flask under nitrogen and 
left to stir in an oil bath at 80 °C. After a predetermined time, 
the solution was removed from the oil bath, a sample for the 
determination of the conversion was taken, and a solution of 
potassium ethyl xanthate (1.54 g, 9.6 mmol) was added to 
terminate the polymer chain. The product was left to stir for 1 
h before being diluted with chloroform (100 mL). The organic 
layer was then washed with sat. Na2CO3 (3 × 100 mL) and brine 
(3 × 100 mL), and then dried over MgSO4. The chloroform was 
removed to leave a colourless oil. The oil was re-dissolved in 
DCM (10 mL), precipitated into ether, the polymer was collected 
by gravity filtration as a white solid and then dried under 
vacuum. 1H NMR spectrum shown in Figure S1. Propargyl-
pEtOx-xanthate (1.1 g, 1.38 mmol) was dissolved in 
dimethylamine (33% in EtOH) (12 mL) deoxygenated with 
nitrogen bubbling and stirred at 40 °C for 3 h. The reaction 
mixture was then poured over a solution of sulphuric acid 
(H2SO4) (8 mL) and ice-water (80 mL). The polymer was 
extracted by washing with CHCl3 (3 × 50 mL), followed by 
washing of the CHCl3 layer with sat. Na2CO3 (2 × 50 mL) and 
brine (2 × 50 mL). The organic layer was then dried over MgSO4 
and filtered before the solvent was removed to yield the thiol-
yne poly(oxazoline) macromonomer which was stored under 
nitrogen to reduced chance of disulfide formation. Mn = 1,200 
g/mol, Ð = 1.19 (DMF SEC, + NH4BF4 additive eluent, PMMA 
calibration). 1H NMR spectrum shown in Figure S2. Full 
functionalisation of both chain ends was confirmed using ESI-
MS. 1H NMR spectrum (400 MHz, CDCl3, δ ppm): 4.12 (2H, -CH2-
C≡CH), 3.40-3.60 (4H, N-CH2-CH2-N), 2.25-2.45 (2H, NC(O)-CH2-
CH3), 1.05-1.20 (3H, NC(O)-CH2-CH3). 13C NMR spectrum (100 
MHz, CDCl3, δ ppm): 174.51 (NC(O)), 73.41 (-C≡CH), 70.46 (-
C≡CH), 45.3 (N-CH2-CH2-N), 25.90 (NC(O)-CH2-CH3), 13.75 (-CH2-
SH), 9.39 (NC(O)-CH2-CH3). FTIR cm-1: 3491 (broad, N-H 
amide), 3270-3290 (weak, ≡C-H alkyne), 2980 (medium, C-H 
alkane), 2835 (weak, N-CH2- amine), 1624 (strong, C=O amide I), 
1418 (medium, N-H amide II). The linear control poly(oxazoline) 
was synthesised in the same manner using methyl tosylate as 
the initiator and termination under ambient humid conditions. 
The 1H NMR spectrum is shown in Figure S4 and S5, SEC 
chromatogram is shown in Figure S3, Mn = 13,700 g/mol, Ð = 
1.25 (DMF SEC, DRI detector). 
Thiol-yne polymerisation 
A typical polymerisation is as follows: thiol-yne macromonomer 
(600 mg, 0.75 mmol) was dissolved with DMPA (90 mg, 0.352 
mmol) in DMF (2.5 mL) in a vial equipped with a small stirrer bar 
and a rubber septum screw cap. Monomer to initiator ratio was 
kept the same for all polymerisations. The vial was wrapped in 
aluminium foil and deoxygenated with nitrogen for 5 min. The 
vial was placed under a 365 nm UV lamp (UVP, UVGL-55, 6 watt, 
365 nm) in an aluminium foil lined dark box over a magnetic 
stirrer plate. For the kinetic samples, each time point 
corresponds to a separate vial removed after the allocated 
polymerisation time. After the predetermined reaction time, 
the vial was removed and analysed by SEC. Polymer reaction 
mixture was precipitated in diethyl ether and the polymer 
recovered by centrifugation. Mw = 14,000 g/mol, Ð = 1.5 (DMF 
SEC, DRI detector). 1H NMR spectrum (400 MHz, CDCl3, δ ppm): 
5.60-6.20 (2H, -CH=CH-, weak), 3.95 (2H, -CH2-C≡CH, weak), 
3.40-3.55 (4H, N-CH2-CH2-N), 2.15-2.40 (2H, NC(O)-CH2-CH3), 
0.90-1.20 (3H, NC(O)-CH2-CH3). 13C NMR spectrum (100 MHz, 
CDCl3, δ ppm): 174.59 (NC(O)), 45.41 (N-CH2-CH2-N), 25.90 
(NC(O)-CH2-CH3), 9.30 (NC(O)-CH2-CH3). FTIR cm-1: 3490 
(broad, N-H amide), 3270-3290 (weak, ≡C-H alkyne), 2976 
(medium, C-H alkane), 2830 (weak, N-CH2- amine), 1621 
(strong, C=O amide I), 1425 (medium, N-H amide II). 
Hydrolysis of PEtOx 
The hydrolysis kinetics were performed in a microwave 
synthesiser (Biotage Initiator+ Eight). Hydrochloric acid (0.025 
mL, 36 wt%) solution was mixed with 0.275 mL of PEtOx stock 
solution, giving a total volume in each vial (0.5 mL microwave 
vial) of 0.3 mL with a concentration of 1 M HCl. The vials were 
heated at 120 °C for varying reaction times. The reaction 
mixtures were cooled down by compressed air and made basic 
with 0.1 mL of a 4 M NaOH solution to a pH of 8-9, and freeze 
dried for 1H NMR spectroscopy. The conversion was calculated 
from the 1H NMR spectra signals of the hydrolysis products in 
deuterated methanol. Spectra can be found in Figure S8-S9. All 
signals described for PEtOx are present, together with the 
signals corresponding to the respective hydrolysis products. The 
dried crude polymer was then redissolved in water and dialysed 
against a 0.5 - 1 kDa membrane to remove propionic acid salts, 
and then freeze dried. Final poly(ethylenimine-co-2-ethyl-2-
oxazoline) copolymer compositions were calculated from the 
appropriate backbone signals from the 1H NMR spectra of the 
purified polymers. Once the kinetics of the hydrolysis had been 
established the hydrolysis was scaled up to 20 mL microwave 
vials, to obtain the appropriate polymers for the rest of the 
studies. For a typical ethylenimine oxazoline copolymer: 1H 
NMR spectrum (400 MHz, CDCl3, δ ppm): 3.45-3.71 (4H, N-CH2-
CH2-N (POx)), 2.75-2.92 (4H, N-CH2-CH2-N (PEI)), 2.31-2.55 (2H, 
NC(O)-CH2-CH3), 1.04-1.20 (3H, NC(O)-CH2-CH3). 13C NMR 
spectrum (100 MHz, CDCl3, δ ppm): 174.59 (NC(O)), 45.41 (N-
CH2-CH2-N), 25.90 (NC(O)-CH2-CH3), 9.30 (NC(O)-CH2-CH3). FTIR 
cm-1: 3484 (broad, N-H amide), 3282 (broad, N-H amine 
secondary), 2987 (medium, C-H alkane), 2833 (weak, N-CH2- 
amine), 1624 (strong, C=O amide I), 1420 (medium, N-H amide 
II). 
Cell culture and polymer toxicity 
HEK293T cells were cultured in DMEM supplemented with 10% 
fetal bovine serum, 2 mM glutamine and 1% 
penicillin/streptomycin. The cells were grown as adherent 
monolayers at 310 K under a 5% CO2 humidified atmosphere 
and passaged at approximately 70–80% confluence. For 
polymer toxicity evaluation, HEK293T cells were seeded in a 96 
well plate at a density of 1 × 104 cells per well. After 16 hours, 
the culture medium was replaced by fresh media containing a 
series of dilution of the polymers (2, 0.8, 0.2, 0.08, 0.02 mg/mL), 
prepared from stock solutions in PBS. Following 24 h incubation, 
the medium was removed, cells washed 
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Scheme 1. Preparation of AB2 poly(2-ethyl-2-oxazoline) thiol-yne macromonomer and subsequent batch photopolymerisation to 
from hyperbranched poly(2-ethyl-2-oxazoline). 
 
 
 
with PBS, and media replaced with fresh medium and 25 μL of 
a solution of XTT (1 mg mL−1) containing N-methyl 
dibenzopyrazine methyl sulfate (PMS) (25 μmol L−1) in medium 
was added. Cells were further incubated for 16 h. Absorbance 
of the samples was finally measured using a plate reader at 450 
nm and 650 nm. The data presented are representative of a 
minimum of two independent experiments where each sample 
was measured in triplicate. Errors reported correspond to the 
standard deviation of the mean. 
In vitro transfection 
Polyplex samples were prepared prior to incubation with the 
cells, via mixing of plasmid DNA solution (final concentrationDNA 
= 100 µg/mL) with the appropriate amount of polymer 
predissolved in sterile water (N/P ratio = 20), and left to 
complex at room temperature for one hour. HEK293T cells were 
seeded in a 24 well plate at a density of 1 × 105 cells per well. 
After 16 hours, the culture medium was replaced by Optimem® 
cell culture media (Thermo Fisher Scientific) without fetal 
bovine serum. After one hour, the media was replaced by fresh 
Optimem® media containing the polyplex solutions (final 
concentrationDNA = 10 µg/mL), the cells left to incubate for 5 
hours under 5% CO2 humidified atmosphere, then the media 
replaced with fresh culture media containing fetal bovine 
serum. Following 24 hours incubation, cells were washed with 
PBS, trypsinised, centrifuged, re-dispersed in ice-cold PBS and 
filtered into FACS tubes for analysis. Intracellular fluorescence 
was quantified using a BD LSR II cytometer (BD Biosciences) at 
excitation 488 nm and emission 525 nm. The geometric mean 
fluorescence was used as the sample value. The data in 
presented are representative of two separate experiments 
where each sample was measured in duplicate (n = 4). All errors 
reported correspond to the standard deviation from the mean. 
Results and Discussion 
Hyperbranched poly(ethylenimine-co-2-ethyl-2-oxazoline) 
copolymers 
The thiol-yne macromonomer used for the formation of 
hyperbranched poly(2-ethyl-2-oxazoline) (PEtOx) was prepared 
following a two-step process (Scheme 1). Firstly, cationic ring 
opening polymerisation (CROP) was employed to polymerise 2-
ethyl-2-oxazoline (EtOx) in acetonitrile at 80 °C, using propargyl 
tosylate as an initiator and potassium ethyl xanthate as 
nucleophilic end-capping agent. This afforded separate 
functionalities at both ends of the polymer chains, an alkyne 
functional α-chain end and a protected thiol functional ω-chain 
end, whilst maintaining well-defined molecular weights and low 
dispersity values. To ensure a high end group fidelity, a degree 
of polymerisation (DP) of 10 was targeted for the PEtOx 
precursor. 
 
From the 1H NMR spectrum of the polymerisation mixture, a DP 
of 8 was determined by comparing the methylene signals of the 
propargyl group with the signal of the polymer backbone 
(Figure S1). This value compares well with the value obtained 
by SEC (Mn = 1200 g/mol, Ð = 1.19). After purification, 1H-NMR 
spectroscopy was used to determine the degree of 
functionalisation for both end groups. In both cases the degree 
of functionalisation was found to be higher than 95%. In order 
to generate the thiol end group on the PEtOx chains, aminolysis 
of the xanthate group was carried out in the presence of 
dimethylamine. 1H-NMR spectroscopy shows the complete 
disappearance of the peaks associated with the xanthate group. 
The presence of the thiol end group was confirmed using 
electrospray ionisation mass spectrometry (ESI-MS) of the 
macromonomer, which showed a single distribution 
corresponding to PEtOx with alkyne and thiol chain-ends (Figure 
1a). 
 
The telechelic thiol-yne PEtOx macromonomers were then 
polymerised following a procedure depicted in Scheme 1. The 
polymerisation proceeded under UV light irradiation using 0.5 
equivalents of photoinitiator DMPA per macromonomer chain. 
A macromonomer concentration of 0.3 M in DMF was chosen 
according to an initial polymerisation optimisation study, in 
order to obtain high molecular weights suitable for transfection 
(Figure S6 and Table S1). The inherent reactivity of pi bonds to 
thiyl radicals, which proceeds via a two-step mechanism, is 
expected to result in very high degrees of branching in the final 
compounds. Bowman et al. showed that the second addition of 
a thiyl radical to a vinylthioether species proceeds much faster 
that the first addition of a thiyl radical to an alkyne.28 Therefore, 
most thiol-yne photo-additions proceed to the fully branched 
dendritic species.  
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Figure 1. (a) Size-exclusion chromatograms (normalised DRI detector response vs retention time) of the photopolymerisation of 
PEtOx thiol-yne macromonomer following various irradiation time. (b) ESI mass spectra of telechelic PEtOx thiol-yne 
macromonomer. (c) Kuhn-Mark-Houwink-Sakurada (KMHS) plots of log intrinsic viscosity against log molecular weight from SEC 
viscosity detector in DMF eluent of PEtOx thiol-yne macromonomer and hyperbranched PEtOx. (d) 1H NMR spectrum of 
hyperbranched PEtOx showing peak assignments, inset showing zoomed view of vinyl region. 
 
 
The formation of hyperbranched PEtOx was followed via SEC, as 
shown in Figure 1b. Upon UV irradiation, the chromatogram 
peak associated with the macromonomer decreases while the 
DRI trace shifts to shorter retention times and thus higher 
molecular weights. In addition, a broadening of the 
chromatograms with increasing reaction time, due to the step 
growth nature of the thiol-yne polymerisation, was detected. 
Values for molecular weight and dispersity of the 
polymerisation kinetic study are summarised in Table S2. The 
Mn values reported correspond to SEC measurements 
compared to linear polymer calibration standards, which is 
expected to significantly underestimate the value as 
hyperbranched polymers have smaller hydrodynamic radii than 
their equivalent linear polymers. Figure 1c shows the Kuhn-
Mark-Houwink-Sakurada plots of intrinsic viscosity against 
molecular weight for both the macromonomer and the final 
hyperbranched PEtOx after purification. The gradient of the 
lines, referred to as , indicates the branched nature of the final 
polymer. With more branching, a polymer is typically involved 
in fewer chain entanglements, resulting in reduced increase of 
the viscosity with increasing molecular weight (for linear 
polymers,  value is typically 0.6 - 0.8). The  values of 0.62 for 
the linear macromonomer and 0.25 for the hyperbranched 
PEtOx illustrate the high density of branching. The degree of 
branching, as described by Hawker,29 can be calculated from the 
integral of the linear units in the 1H NMR spectra which can be 
identified at around 6-6.5 ppm (Figure 1d, Figure S7, Table S1).  
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Table 1. Copolymer compositions, molecular weights, dispersity, and hydrodynamic radius values for both linear PEtOx and 
hyperbranched thiol–yne polymers prepared by photopolymerisation of PEtOx thiol-yne macromonomers. 
 
Sample % PEI a 
% PEtOx 
a 
M
n
 NMR 
(g/mol) a 
M
n
 GPC 
(g/mol) b 
Đ b 
R
h
 SLS 
(nm) c 
M
w
 SLS 
(g/mol) c 
 PEtOx macromonomer 0 100 800 1,200 1.19 - - 
 Hyperbranched PEtOx 0 100 17,100 14,000 1.5 3.6 20,400 
HB 32% Hyperbranched 
P(EI
0.32
-co-EtOx
0.68
) 
32 68 14,100 - - 6.8 21,900 
HB 58% Hyperbranched 
P(EI
0.58
-co-EtOx
0.42
) 
58 42 12,500 - - 8.1 65,300 
HB 76% Hyperbranched 
P(EI
0.76
-co-EtOx
0.24
) 
76 24 10,900 - - 8.6 106,200 
 Linear PEtOx 0 100 15,800 13,700 1.25 4.2 19,100 
L 81% Linear 
P(EI
0.81
-co-EtOx
0.19
) 
81 19 9,200 - - 54.0 12,400 
a  Determined by 1H NMR spectroscopy. b From DMF SEC with DRI detector and PMMA standard. c From SLS in water (further SLS 
details in Supplementary Info). 
 
To create polymers able to interact with genetic material, 
cationic charges have to be introduced into the structure. In the 
present case, this is done using partial hydrolysis of the 
repeating unit of PEtOx, creating poly(ethylenimine) units along 
the polymer backbone. Hydrolysis of hyperbranched PEtOx was 
carried out in 1M aqueous solution of HCl  at 120 °C. Microwave 
irradiation was chosen as the heating method of choice as it 
allows for increased pressure, thus reducing reaction times.30 
These hydrolysis conditions allow control over the rate and 
degree of hydrolysis. A kinetic study, in which the hydrolysis is 
determined from analysing the increase of the integral of the 
hydrolysed propionic acid small molecule over time in 1H-NMR 
spectra, was undertaken with both hyperbranched PEtOx and 
linear PEtOx (Figure S9). Interestingly, the branched structure 
does not appear to affect the hydrolysis rate of the EtOx side 
chains (Figure S8). Using this method, three hyperbranched 
poly(ethylenimine-co-oxazoline) copolymers were produced. 
The final composition of the three hyperbranched copolymers 
was calculated from the integrals of CH2 groups from the 
polyethylenimine backbone and the CH2 groups from the 
polyoxazoline backbone, between 2.5 ppm and 3.5 ppm (Figure 
2b).  
 
Copolymers were analysed by SEC (Table 1). Resulting 
chromatograms show a monomodal size distribution for all 
polymers (Figure S10) with varying values for Mn. SEC 
characterisation of highly charged polymers is often 
complicated by non-size exclusion interferences, such as 
intramolecular electrostatic interactions, column adsorption, or 
ion exchange effects, which are known to cause increased 
retention times and poor chromatographic peak shape, 
resulting in large errors in molecular weight estimation.31-33 
Therefore, static light scattering was employed to further 
investigate the molecular weight of the synthesized 
poly(ethylenimine-co-oxazoline) copolymers, as well as poly(2-
ethyl-2-oxazoline) precursor materials (Figures S11-S16). SLS is 
generally a good complementary method of molecular weight 
determination for hyperbranched polymers as it does not rely 
on calibration. However, the molecular weights obtained from 
SLS measurement show an unexpected increase with increasing 
degree of hydrolysis. This can be attributed to the presence of 
a combination of closely-spaced protonated amines and a 
hydrophobic backbone, which can lead to solution 
polyelectrolyte states that shift between aggregated and free 
forms.34 Hydrodynamic radii obtained for SLS agreed with what 
would be expected for hyperbranched polymers. The 
hyperbranched PEtOx was found to have a hydrodynamic radius 
of 3.6 nm, which increased to 6.8, 8.1, and 8.6 nm with 
increasing degrees of hydrolysis. The increase can be attributed 
to swelling of poly(ethylenimine-co-oxazoline) in water with 
increasing charge content. For comparison, a linear polymer 
control of equivalent molecular weight was synthesised by 
CROP of EtOx (Mn,SEC 14,000 g/mol, Đ 1.25). The linear control 
was hydrolysed using the previously described methodology to 
yield poly(ethylenimine-co-oxazoline) with a degree of 
hydrolysis similar to that of the hyperbranched copolymer with 
the highest PEI content.  
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Figure 2. a) Schematic representation of the acid-catalysed 
hydrolysis of hyperbranched poly(2-ethyl-2-oxazoline) polymer 
into hyperbranched poly(ethylenimine-co-oxazoline) 
copolymers; b) 1H NMR spectra of final hyperbranched 
poly(ethylenimine-co-oxazoline) copolymers, showing peaks 
used for calculation of the composition. 
 
Effect of type of amine and branching on polymer buffering 
capacity 
Successful gene expression in target cells requires escape of 
polyplexes from the endosomal/lysosomal pathway after cell 
internalisation.35 For PEI polyplexes, this is assumed to occur via 
the ‘proton sponge’ effect, although this still receives 
considerable debate.36-38 In brief, the abundance of amines 
groups in PEI results in a high buffering capacity of the polymers, 
which is thought to cause an increase in lysosomal pH as 
protons are pumped into the lysosome from the cytosol. A 
combination of PEI swelling due to electrostatic repulsion of 
protonated amine groups, and osmotic pressure change in the 
vesicles is expected to cause interruption and rupture of the 
lysosomal membrane, releasing the polyplex into the cytosol. In 
the present study, for the first time hyperbranched PEI 
structures containing only secondary amines are used, allowing 
observation of the influence of architecture on the performance 
of the polymers isolated from the nature of the amines. To 
evaluate the buffering effect of hyperbranched 
poly(ethylenimine-co-oxazoline) and compare it to that of PEI, 
pH titrations were carried out by addition of NaOH solution into 
solutions of the acidified polymers (Figure 3). The titration of 
bPEI shows a very broad change in pH transition (between 0.2 - 
1 mmol/dm3 of NaOH added), which is expected from a polymer 
containing amine groups with the three different pKa values. In 
contrast, ethylenimine oxazoline copolymers showed a sharper 
titration curve, with a pH transition occurring between 0.3 – 0.5 
mmol/dm3 of NaOH added, which can be attributed to the 
presence of secondary amine groups only. Most importantly, 
the negligible difference between the titration curves of linear 
and hyperbranched PEI structures shows that, indeed the 
polymer architecture has only a low influence on the overall pKa 
values,which makes the presented polymers an ideal platform 
to study the impact of polymer architecture on transfection. 
These results support our hypothesis that hyperbranched 
poly(ethylenimine-co-oxazoline) could be an interesting 
candidate for non-viral gene delivery applications as it shows 
characteristics of linear PEI but with an globular hyperbranched 
polymer architecture. 
 
Polymer-pDNA complexation and resulting particle morphology 
The ability of hyperbranched and linear poly(ethylenimine-co-
oxazoline) to bind GFP plasmid DNA was first assessed using 
agaraose gel electrophoresis. Polymers were complexed with 
pDNA at varying N/P ratios (ratio of positively charged nitrogen 
groups on polymer to negatively charged phosphate groups on 
DNA). Images of the resulting agarose gels are shown in Figure 
4a. As expected, hyperbranched poly(ethylenimine-co-
oxazoline) with a degree of hydrolysis of 32% shows moderate 
ability to bind nucleic acids, with free pDNA still detectable at 
N/P ratio as high as 20. With a degree of hydrolysis of 58%, the 
polymer is able to fully complex 
 
 
Figure 3. pH titration experiments for hyperbranched 
poly(ethylenimine-co-oxazoline) copolymer (76% hydrolysed), 
linear equivalent (81% hydrolysed) as well as commercial 
branched PEI. A control of NaOH titration into HCl acid is shown 
for reference. 
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pDNA at an N/P ratio of 10 to 20. Hyperbranched 
poly(ethylenimine-co-oxazoline) with a degree of hydrolysis of 
76%, its linear equivalent, and the commercial bPEI all show 
formation of polyplexes and full binding of free pDNA at an N/P 
ratio of 5 to 10.  
 
Figure 4. a) Polyplex formation with pDNA, as characterised by 
agarose gel electrophoresis using the various PEI polymers; b) 
Ethidium bromide displacement assay, as a complimentary 
technique to characterise polymer ability to complex pDNA.  
 
A complimentary method to characterise DNA/RNA binding 
relies on competitive displacement of ethidium bromide, bound 
to DNA, by cationic polymers. A reduced fluorescence is 
observed when ethidium bromide is excluded from binding sites 
located in the groove of the oligonucleotides, due to addition of 
polymer.39 The results, shown in Figure 4B, show a decrease in 
fluorescence intensity with increasing N/P ratio, typical of 
polyplex formation. A number of trends can be observed in this 
data: (i) For hyperbranched poly(ethylenimine-co-oxazoline), 
pDNA binding ability increases with increasing amine content 
from 32% to 58% and to 76%, which is in agreement with the 
results of the gel electrophoresis, (ii) linear poly(ethylenimine-
co-oxazoline) binds to pDNA less strongly than the equivalent 
hyperbranched polymer, (iii) hyperbranched 
poly(ethylenimine-co-oxazoline) 76% binds more strongly than 
bPEI.  
 
In addition, the presence of a plateau of residual fluorescence 
indicates the presence of remaining intercalated ethidium 
bromide which cannot be displaced. This is especially apparent 
in the case of hyperbranched p(EI
0.32
-co-EtOx
0.68
), linear p(EI
0.81
-
co-EtOx
0.19
), and commercial bPEI. This phenomenon is due to 
the polymers forming complexes in which fewer amines are 
available to interact with pDNA, and displace ethidium bromide. 
In the case of the linear polymer, its extended conformation is 
expected to result in looser and larger complexes. In the case of 
bPEI, the presence of tertiary amines which are not protonated 
at pH ~7, is expected to weaken the complexation of pDNA. This 
result highlights the importance of precise understanding 
polymer and pDNA interactions, and prompt a more thorough 
characterisation of the polyplex formed.  
 
Table 2. Size and surface charge (zetapotential) of polyplexes 
formed with pDNA at both N/P = 20 and N/P = 40, as determined 
by dynamic light scattering and electrophoretic light scattering. 
 
N/P 
ratio 
Z-average 
size (d.nm) 
PDI 
Zetapotential 
(mV) 
HB 32% 20 499.6 0.18 5.4 ±0.421 
40 419.7 0.14 7.3 ±0.572 
HB 58% 20 64.6 0.27 22.3 ±1.75 
40 72.3 0.36 24.3 ±1.91 
HB 76% 20 53.6 0.36 24.4 ±1.91 
40 71.9 0.41 25.5 ±2.00 
bPEI 20 82.3 0.51 39.7 ±3.11 
40 85.6 0.54 39.4 ±3.09 
L 81% 20 246.7 0.36 45.9 ±3.60 
40 514.3 0.51 45.6 ±3.78 
 
To further investigate the influence of polymer architecture on 
pDNA binding, polyplex physical characteristics were 
determined using dynamic light scattering and zetapotential 
measurements, to elucidate size and surface charge properties. 
Previous studies indicate that efficient cellular uptake occurs for 
particles typically between 50 to 200 nm in size. Excess positive 
charge was also demonstrated to enhance cellular uptake.40 
Table 2 shows the size and surface charge of the various 
polyplexes formed. For hyperbranched poly(ethylenimine-co-
oxazoline), diameters follow a trend similar to the ethidium 
bromide assay, with size of the particles decreasing as the 
amine content increases from 32% to 58% and to 76%. Linear 
poly(ethylenimine-co-oxazoline) polyplexes appear to form 
slightly larger particles, which can be attributed to the weaker 
DNA binding strength of the polymer when compared to the 
hyperbranched equivalent, as well as potential intermolecular 
crosslinking of DNA molecules with the extended linear 
polymer. 
 
AFM imaging of polymer pDNA complexes was carried out to 
complement the size measurements obtained using DLS (Figure 
5 and S17-S20). Uncomplexed plasmid DNA deposited on a mica 
surface is distributed in a network type of structure. This is 
consistent with previous reports of uncondensed DNA 
morphologies in the literature.41,42 In samples where the pDNA 
was previously mixed with hyperbranched p(EI
0.76
-co-EtOx
0.24
), 
polyplexes with a size of approximately 100 nm were observed. 
A similar structure was obtained using the commercial 
branched PEI. Similarly to DLS data, polyplexes formed with 
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linear p(EI
0.81
-co-EtOx
0.19
) showed a size of approximately 200 
nm instead. Furthermore, branched PEI and small cyclic 
polycations have previously been reported to more effectively 
condense DNA.19,43 For example, Li et al. found that linear 
polycations/DNA complexes form larger aggregates than the 
cyclic polymer equivalent, which was attributed to the 
stretched conformation being able to intermolecularly crosslink 
DNA molecules.44 Taken together, these data demonstrate the 
fundamental influence of polymer architecture on DNA 
complexation and polyplex formation.  
 
Figure 5. AFM images of polyplex morphology at N/P = 20, a) 
pDNA only, b) L 81% polyplex, c) HB 76% polyplex, d) bPEI 
polyplex. Each scan represents an area of 10 µm by 10 µm. Scale 
bars all 2 µm. 
 
Effect of polymer architecture on toxicity and pDNA transfection 
in-vitro 
A common limitation of cationic polymers is their ability to 
permeabilise cellular membranes.45,46 Here, toxicity of the 
polymers was assessed using the XTT assay on human embryo 
kidney cells HEK293T as model (Figure 6a). Polymer toxicity 
studies confirmed that commercial bPEI is toxic at 
concentrations as low as 0.2 mg/mL. In contrast, cells treated 
with poly(ethylenimine-co-oxazoline) polymers were found to 
have viability of over 80 % at concentration up to 0.8 mg/mL, 
which is far above the relevant concentrations used both in vitro 
and in vivo.47 At higher polymer concentrations (>2 mg/mL), 
hyperbranched p(EI
0.76
-co-EtOx
0.24
) becomes slightly toxic, 
whereas the linear equivalent polymer causes complete cell 
death at the same concentration. The reduced toxicity of the 
hyperbranched architecture compared to the linear 
architecture follows similar observations made for 
branched/linear polymers of alternative monomers.48,49 We 
attribute this to differences in the 3D structure and flexibility of 
the polymers, resulting in different interaction of the polymers 
with the cell surface. It was previously shown that rigid 
polymers interact with lipid membranes with more difficulty 
than flexible equivalents.50 Thus, it appears reasonable that the 
less flexible hyperbranched poly(ethylenimine-co-oxazoline) 
show decreased toxicity as compared to its flexible linear 
equivalent. 
 
Transfection of plasmid DNA containing GFP reporter gene 
using the polymers prepared in this study was evaluated on 
transfectable derivative of human embryonic kidney (HEK293T) 
cell line as model (Figure 6b) and reported relative to 
commercial bPEI. Cellular fluorescence histograms, obtained by 
flow cytometry following 5 hours of cell incubation with the 
polyplexes followed by 24 hours of subsequent growth, were 
used to determine transfection efficiencies (Figure S21). An N/P 
ratio of 20 was chosen for the transfection studies in order to 
have sufficient polymer to bind the plasmid even for copolymer 
samples with lower percentages of PEI. In the case of 
hyperbranched p(EI
0.32
-co-EtOx
0.68
), transfection efficiencies 
only 2.5 fold better than naked pDNA were obtained, which can 
be attributed to incomplete complexation of the pDNA at this 
N/P ratio. Hyperbranched p(EI
0.58
-co-EtOx
0.42
) showed a 
relatively similar transfection efficiency (around 6 fold better 
than naked pDNA). Accordingly, in the case of hyperbranched 
p(EI
0.76
-co-EtOx
0.24
) and linear p(EI
0.81
-co-EtOx
0.19
) copolymers 
where the degree of oxazoline hydrolysis is higher, transfection 
efficiencies reach values of 75% that of bPEI. The observed 
difference in transfection between the hyperbranched p(EI
0.76
-
co-EtOx
0.24
) and linear p(EI
0.81
-co-EtOx
0.19
) copolymers is 
minimal, however further work will focus on variation of 
molecular weight, and higher percentages of ethylenimine, to 
further uncover any architectural differences of these 
copolymers as non-viral vectors. The polymers reaching similar 
transfections as commercial bPEI is a noteworthy result when 
also taking into account the much reduced toxicity of the thiol-
yne hyperbranched polymer, and suggests these materials are 
ideal candidates as lower toxicity alternatives to PEI.  
 
When considering transfection mechanisms in relation to the 
synthesised polymers, the degree of impact of the polymer 
buffering capacity on endosomal escape and transfection is 
unclear. It has more recently be shown that free polymer chains 
can have an impact gene transfection.51-53 Whereby the 
mechanism of cationic polymer mediated plasmid transfection, 
could be explained by free polymer interaction with the interior 
endosomal membrane and creation of pores, allowing an 
amount of polyplex into the cytoplasm. Any small change in the 
transfection process could have disproportionate effect on 
observed expression due to endosome escape being very 
inefficient.54 To our knowledge there has been no published 
research on the impact of the free polymer chain architecture 
on possible endosome escape, which highlights the benefit of 
having controlled polymer architectures. The degree of 
substitution of the amines could also play a role; only a handful 
of studies have investigated this.55-57 Having comparable 
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branched and linear PEI systems with the same amine 
substitution patterns is important. 
 
 
Figure 6. a) Cell viability as determined using XTT assay on 
human embryo kidney cells HEK293T treated with 
hyberbranched poly(ethyleneimine-co-oxazoline) copolymers, 
linear poly(ethyleneimine-co-oxazoline) copolymer, and bPEI 
for 24 hours at 37 °C; b) and c) GFP plasmid DNA transfection in 
HEK293T cell-line following 5 hours polyplex incubation (N/P 20, 
10 µg/mL DNA concentration in well) and 24 hours subsequent 
growth. Intracellular fluorescence was determined by flow 
cytometry.  
Conclusions 
Synthesis of hyperbranched poly(ethylenimine-co-oxazoline) by 
AB2 thiol-yne photo-addition chemistry is reported for the first 
time. This synthetic route allows for the preparation of 
hyperbranched polymers from macromolecular monomer 
units, with degrees of branching in the region of dendrimers. In 
contrast with the mixture of amines and uncontrolled patterns 
typically obtained by the synthesis of branched PEI via the ring 
opening polymerisation of aziridine, the method presented 
here results in hyperbranched PEI structures containing only 
secondary amines and well defined branching patterns. 
Hyperbranched poly(ethylenimine-co-oxazoline) and bPEI were 
found to complex GFP plasmid DNA to form positively charged 
particles. In comparison, linear forms were found to form larger 
aggregates. Differences were also found in polymer in vitro 
cytotoxicity, with poly(ethylenimine-co-oxazoline)s having 
reduced toxicity compared to bPEI, and the hyperbranched 
poly(ethylenimine-co-oxazoline) having reduced toxicity 
compared to the linear equivalent. Delivery of pDNA encoding 
for GFP showed that poly(ethylenimine-co-oxazoline) 
copolymers with high percentages of ethylenimine units were 
have transfection efficiencies slightly lower than the 
commercial standard 25K branched PEI. When considering this 
in conjunction with the lower toxicities, the hyperbranched 
poly(ethylenimine-co-oxazoline) represents an promising 
candidate for further non-viral gene delivery studies. In 
agreement with the literature, it is believed that the compact 
hyperbranched polymer conformation contributes, in some 
extent, to the improved toxicity. The synthesised 
hyperbranched PEI copolymers highlight the importance of 
understanding polymer architecture when developing gene 
delivery systems. 
Associated content 
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measurements, zetapotential measurements, and AFM 
imaging; 1H NMR spectroscopy spectra, size exclusion 
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characterisation data, further AFM images, and flow cytometry 
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